It has been a challenge to improve the toughness of intermetallic compound at low and medium temperatures for developing wear resistance materials. The refractory metals, with a high melting point, strong atomic bonds, high ductility and toughness, are ideal toughening phases for intermetallic composites. This paper presents a novel composite having the microstructure of ductile Mo primary dendrites, binary intermetallic compound NiMo and ternary metallic silicide Mo 2 Ni 3 Si. The composite exhibits outstanding wear resistance and pretty low wear-load coef cient at ambient temperature, which are attributed to the contribution of refractory metal Mo to toughness of intermetallic matrix, in addition to the high strength and hardness of binary NiMo and ternary Mo 2 Ni 3 Si intermetallic phases. The wear mechanism analyzed by examining the worn surface and debris morphologies is in terms of soft abrasive wear.
Introduction
Intermetallic compounds have been promising wear resistance materials because these materials possess many unique inherent attributes such as strong atomic bond and high hardness. [1] [2] [3] [4] Attentions have been increasingly given to further enhance the comprehensive properties of intermetallic composites and promote their industrial applications. [5] [6] [7] Few works have been reported for materials related to NiMo/ Mo 2 Ni 3 Si intermetallic composite, although there have been already tremendous efforts made on refractory metal based alloys. 8, 9) The current problem for application of such alloys mainly lies in the lack of room temperature toughness.
To obtain balanced properties, the concept of multi-phase alloys has been employed to design the microstructure of intermetallic composites and improve their mechanical properties. [10] [11] [12] Materials with metallic matrix are traditionally reinforced with a hard ceramic phase, leading to the improved strength and stiffness. However, inverse composites are a completely different type of materials, which introduce a ductile metallic phase to a brittle matrix such as intermetallic compound to increase the toughness and fracture resistance. 13, 14) Among all the toughening phases, the ductile refractory metals has been proved to be an ideal choice for intermetallic composites, having a high melting point exceeding 2000 C, ductility and toughness. [15] [16] [17] Such inverse intermetallic composites, with fracture toughness improved by ductile refractory metals, exhibit unique wear behaviours, which may somewhat offset any deleterious effect associated with the decrease in hardness. 18) In the light of this understanding, the in-situ incorporation of the ductile refractory metal phase into intermetallic composites has been conducted in a ternary Mo-Ni-Si system to form a novel multi-phase microstructure in this work. It is expected that the ductile Mo phase can be bene cial to improve the toughness and wear resistance of Mo-Ni-Si system intermetallic composites at room temperature.
Experimental Procedures
Commercial pure powders of Mo (99.9%), Ni (99.5%) and Si (99.96%) were mixed according to the chemical composition 47Mo-40Ni-13Si (at.%). More than twenty ingots, with the size of ϕ16 mm × 20 mm, of the novel Mo-Ni-Si intermetallic composite were prepared by the arc-melting method at the argon pressure of 65 kPa. Each ingot was re-melted three times to achieve homogeneity. The detailed melting parameters were determined by some trial tests for the ingot preparation, as listed below: electric current about 300 A, voltage 10-12 V.
Microstructure characterization of the Mo-Ni-Si intermetallic composite was performed using invert-type optical microscope (OM) and scanning electron microscope (SEM). X-ray diffraction analyses (XRD) were carried out by X-ray diffractometer using Cu Kα radiation with a scanning rate of 5 /min. Chemical composition of each phase in microstructure was analyzed by energy dispersive spectroscopy (EDS) equipped on SEM. The average value of at least 5 successful measurements, which were carried on a micro-hardness indenter with the load-dwell time of 15 s and the compression load of 500 g, was regarded as the hardness of the novel MoNi-Si composite.
The dry sliding wear resistance tests were performed on a block-on-wheel mode wear test device. The block-like specimens, which were the Mo-Ni-Si composite of 10 mm × 10 mm × 10 mm in size, were grinded and polished with common procedures prior to wear tests. Two most widely applied metallic materials (i.e. hardened 0.45%C steel and austenitic 1Cr18Ni9Ti stainless steel) were selected as the reference materials to rank the wear resistance of the Mo-Ni-Si intermetallic composite designed. The specimens were tested respectively at the load of 49 N, 98 N, 147 N and 196 N for a sliding rate of 0.91 m/s, and a total sliding distance of 3307 m. All wear tests were processed against the outer surface of a hardened 1.0%C-1.5%Cr bearing steel (HRC63±1) wheel in air at ambient temperature. The wear resistance was evaluated using the mass loss after the wear tests. The worn surfaces were examined using SEM for analyzing the corresponding post-experimental wear mechanisms.
Results and Discussion
Figures 1 and 2 illustrate the microstructure and XRD results of the novel Mo-Ni-Si system intermetallic composite produced by an in-situ arc-melting method. As shown from Fig. 1a , the alloy has a uniform and dense microstructure with some unavoidable small pores. Figure 1c shows that the microstructure of the intermetallic composite comprises of three phases: a light gray dendritic primary phase, a grey continuous matrix, and a precipitation phase on matrix. According to the XRD pro les given in Fig. 2 , the constituent phases of Mo-Ni-Si intermetallic composite are Mo, NiMo and Mo 2 Ni 3 Si. The EDS results manifest that the approximate chemical compositions (at.%) of the primary dendritic phase, grey matrix and precipitation are 93Mo-5Ni-2Si, 44Mo-47Ni-9Si and 30Mo-55Ni-15Si, respectively.
Three constitutional phases in the microstructure of the Mo-Ni-Si alloy can be identi ed according to the XRD and EDS results: refractory metal Mo (a light gray colored dendrite, BCC crystal structure) dissolved with a small amount of Ni and Si, binary intermetallic compound NiMo (land-shaped continuous gray matrix, orthorhombic crystal structure), and ternary metal silicide Mo 2 Ni 3 Si (precipitation on matrix, hP12 MgZn 2 -type Laves phase, C14 crystal structure). The refractory metal molybdenum that has the highest melting point among three constitutional phases is solidi ed rstly from the liquid phase and grows with dendritic shape during the solidi cation process. Then, with a further decrease in temperature companying by the change of the element content in liquid, the binary intermetallic compound NiMo matrix forms, and the remaining residual liquid solidi es in the form of the ternary metal silicide Mo 2 Ni 3 Si, nally.
The volume fraction of ductile Mo primary dendrites, NiMo and Mo 2 Ni 3 Si phase in the Mo-Ni-Si intermetallic composite are about 6%, 61% and 33%, respectively, determined by the linear intercept method. The maximum and minimum value of hardness measurements for investigated Mo-Ni-Si composite is 970 HV and 890 HV, which implying Note that the hardness of ductile Mo dendrites here is dif cult to measure accurately and not given in this paper, because this phase has ne sizes and low volume fraction in the present intermetallic composite. The Mo ss phase in Mo ss /Mo 2 Ni 3 Si composite fabricated by laser melting and deposition technique was previously measured, having a hardness of 620 HV. 19) Because of the unique microstructure as described above, the novel Mo-Ni-Si intermetallic composite exhibits excellent wear resistance under the dry sliding wear conditions at room temperature. Figure 3 shows that the wear mass loss of the intermetallic composite is considerably lower than the two reference materials under all the designed test loads. Notably, with increasing applied load, the wear mass loss of the current alloy increases much more slowly in comparison with the reference materials. Therefore, it can be concluded that the Mo-Ni-Si intermetallic composite has a lower wear-load coef cient than the two reference materials under the room-temperature sliding wear conditions. In other words, the novel Mo-Ni-Si intermetallic composite is more potential as wear-resistance candidate materials, compared to traditional engineering materials when used under higher load conditions.
Generally speaking, the wear resistance of intermetallic composites heavily relies on the hardness. The wear resistance usually decreases if the ductile phase reduces the hardness of intermetallic composites. However, the wear resistance might not change much, even be improved under certain conditions, considering that the micro-cracks and even brittle fracture likely occur on intermetallic matrix during the wear process, 18) which has been successfully demonstrated again by the current alloy. The comparison of the wear test results obtained here and in the previous work 8) implies that the wear mass losses of the present Mo-Ni-Si intermetallic composite with ductile Mo dendrites are slightly lower than those of other composite without Mo phase under certain loads. Such a result suggests that the in-situ formation of ductile Mo dendrites has a positive role in improving wear resistance of the designed Mo-Ni-Si intermetallic composite, although it leads to a slight decrease in hardness of composite.
The SEM microscopy at a low magni cation, as given Fig. 4a , shows that the worn surface of the Mo-Ni-Si intermetallic composite, after a dry sliding wear under a load of 196 N, is very smooth except for some transferred cover layers. It is interesting to note that obvious features of metallic adhesion and abrasive wear such as grooves are not observed from the high magni cation microscopy (Fig. 4b) . The propagation of micro-cracks stops when the tips meet up the ductile Mo dendrites, and the brittle fractures are not visible on the worn surface (Fig. 4b) , although some micro-cracks are found in the intermetallic matrix during the wear process. Such a phenomenon was also observed in Mo ss -toughened Mo 2 Ni 3 Si 19) and .5B (at.%) alloys. 20) In order to assist to explore the materials removal mechanisms of novel Mo-Ni-Si intermetallic composite, wear debris was collected and examined. As shown in Fig. 5 , wear debris of test materials displayed a size distribution from tiny powder to large ake-like debris (up to 30 μm in size). Further EDS examinations indicate that the chemical compositions (at.%) of the tiny powders and large ake-like debris are 55.44Fe11.01Ni7.93Mo4.06Si20.97O0.59Cr and 89.65Fe1.53Ni1.11Mo0.93Si5.94O0.84Cr, respectively. It could be deduced that the tiny wear debris powders is predominantly originated from the wear counterpart wheel, hardened 1.0%C-1.5%Cr bearing steel. The ake-like debris is the broken fragments from coupling wear wheel. EDS examination results of the transferred cover layers on worn surface reveal that cover layers are highly enriched in Fe (approximately 76 at.%) and O which is possibly the repeated compression-rolling products of tiny debris powders.
The outstanding wear resistance of the present alloy is believed to be mainly contributed by the following three important aspects. First, the covalent-dominant strong atomic bonds of intermetallic NiMo and ternary Mo 2 Ni 3 Si metal silicide prevents the Mo-Ni-Si intermetallic composite from plastic deformation, and materials adhesion as well as welding joint to the opposite surface of the sliding-coupling metallic counterpart. In addition, a large volume fraction of intermetallic compound phases with high hardness and strength offers remarkable resistance to abrasive wear attacks throughout the entire process of sliding wear test. More importantly, the uniform distribution of ne and ductile refractory metal Mo dendrites in the microstructure supplies a well toughening effect to intermetallic matrix and thus increases the wear resistance.
The transferred cover layers on the worn surface, as observed in Fig. 4 , also contribute to the excellent wear resistance of the novel alloy. Similar effects were reported for NiMo/Mo 2 Ni 3 Si intermetallic composite. 8) Differently, the wear debris tends to adhere on the surface of Mo phase here rather than the intermetallic matrix in the previous study, 8) as illustrated in Fig. 4b . The results achieved here may be explained below. On the one hand, the cover layers, which are composed by tiny wear debris, have obvious metallic atomic bonding characteristic similar to the metallic Mo phase. On the other hand, the relatively soft Mo dendrites have a weaker wear resistance compared with the NiMo and Mo 2 Ni 3 Si phases, and hence are likely easier to be worn and removed by the asperity on the sliding counterpart surface. The tiny wear debris gradually lls into the dimples located on the Mo dendrites under the combined normal and shear stresses. The result implies that harder intermetallic compound NiMo and ternary metal silicide Mo 2 Ni 3 Si phases protrude slightly on the worn surface, which together with the transferred cover layers, protect the softer Mo dendrites from further wear together during the subsequent wear process. All the above results suggest that materials are removed and worn mainly by means of soft abrasive wear under the environments of dry sliding wear at room temperature.
Conclusions
A novel wear resistant Mo-Ni-Si system intermetallic composite is designed and fabricated successfully with Mo-Ni-Si powder blends by an arc-melting route. The constituent phases are ductile refractory Mo primary dendrite, binary intermetallic compound NiMo matrix and ternary metal silicide Mo 2 Ni 3 Si precipitation. The in-situ intermetallic composite possesses the ideal property for room-temperature wear applications, which is attributed to the unique microstructural features and well combination of strength and ductility and toughness. nancial support of his one-year visit to Monash University.
